Photoexcitation is a powerful means in distinguishing different interactions and manipulating the states of matter, especially in complex quantum systems. As a well-known charge density wave (CDW) material, 1T-TaS2 has been widely studied experimentally thanks to its intriguing photoexcited responses. However, the microscopic atomic dynamics and underlying mechanism are still under debate. Here, we demonstrate photoexcitation induced ultrafast dynamics in 1T-TaS2 using time-dependent density functional theory molecular dynamics. We discover a novel collective mode induced by photodoping, which is significantly different from thermally-induced phonon mode in TaS2. In addition, our finding validates nonthermal melting of CDW induced at low light intensities, supporting that conventional hot electron model is inadequate to explain photoinduced dynamics. Our results provide a deep insight on coherent electron and lattice quantum dynamics during the formation and excitation of CDW in 1T-TaS2.
Introduction
Interplay among different degrees of freedom including electrons, phonons and spins is of paramount importance in understanding and optimizing the properties of quantum materials. [1] [2] [3] Optical excitation is a powerful tool to distinguish different interactions and to manipulate the state of matter. Thus, dominant interactions can be identified and meaningful insights into ground-state properties, phase transitions, and hidden phases can be obtained. [4] [5] [6] [7] [8] It is particularly useful for complex quantum systems, where a variety of degrees of freedom and quantum interactions coexist and are strongly coupled.
A particular example is charge density wave (CDW) materials. [9] [10] [11] [12] [13] [14] [15] [16] The layered transitionmetal dichalcogenides such as 1T-TaS2 have been widely investigated to understand CDW physics in real materials. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] 1T-TaS2 is a typical quasi two-dimensional CDW material with a pristine lattice constant of 3.36 Å in undistorted 1T phase (referred to as T state). The canonical origin of CDW phase is usually attributed to the Fermi-surface nesting, driven by electronphonon coupling via the Peierls mechanism. [27] [28] [29] [30] In the low-temperature commensurate CDW phase, referred to as C state hereafter, 1T-TaS2 becomes strongly modulated, leading to a lattice distortion with a new periodicity of ~12.1 Å rotated by 13.9°. Charge transfer from the outer ring towards the center leads to the famous pattern, namely, the "star of David" (SD) shape of the lattice distribution.
Laser induced phase dynamics in 1T-TaS2 has been widely investigated experimentally in recent years. 17, [21] [22] [23] [24] [25] [26] Excitation with ultrashort laser pulses closes both CDW and Mott gaps in 1T-TaS2. At low intensities it also excites the breathing phonon mode, e.g. amplitude mode of the CDW, where the atomic clusters and the charge order breathe synchronously around the equilibrium state. [21] [22] [23] [25] [26] The ultrafast melting of Mott gap upon strong laser excitation has been observed, while the lattice retains its low-temperature symmetry. 23 However, it is elusive whether the lattice degree of freedom and ionic movements are simultaneously coupled to electronic modulations in this case, and the underlying mechanism of photoexcitation under extreme conditions is not clear.
21-23
To explain phase dynamics of 1T-TaS2 under laser illumination, hot electron model was widely invoked to understand the interactions between electron and lattice subsystem. 17, [21] [22] In such a model, the excited electrons rapidly thermalize among themselves forming hot electron gas with a given electronic temperature (Te) of several thousands of Kelvin, significantly higher than that of the lattice subsystem. The cold lattice is then heated up by hot electrons via effective electron-phonon interactions. The melting of CDW state and band-gap closing in turn takes places when the lattice temperature is higher than its equilibrium thermal melting temperature.
Nevertheless, it conflicts with the fact that excited electrons and the lattice take a quite long time (>1 ps) to reach equilibrium with a Fermi-Dirac electronic distribution 31 , while in experiment an ultrafast (~30 fs) band-gap closing was observed 23 . Another physical picture is that phase dynamics is induced by the modification of the potential energy surfaces. Strong lasers and ultrafast electron-electron scattering raise the electronic temperatures to several thousand Kelvin, subsequently modifying the ground-state potential surface. Furthermore, it leads to cooperative atomic motions towards a new photoinduced phase, which is usually considered to be the undistorted 1T phase of bulk TaS2. 21 However, the microscopic atomic dynamics and underlying mechanism for 1T-TaS2 under laser excitations are still under debate.
In this work, we investigate the atomistic mechanism and ultrafast photoinduced dynamics of CDW in 1T-TaS2, using nonadiabatic molecular dynamics (MD) simulations based on timedependent density functional theory (TDDFT). Our first-principles simulations yield for the first time intrinsic electron-nuclei coupled dynamics of 1T-TaS2. 32-39 Amplitude mode and nonthermal melting of CDW are successfully reproduced at low laser intensities. At higher laser intensity a laser-induced new collective mode is resulted, with distinctive electronic properties. This work not only gives a deep insight into the photoinduced nonequilibrium dynamics of 1T-TaS2, but also provides a framework to understand laser induced phenomena in more quantum materials.
Results
Systems and thermal melting. At high temperatures 1T-TaS2 is metallic, exhibiting an undistorted lattice. Below 350 K, the SD shaped patterns of tantalum atoms show up, accompanied with a periodical lattice distortion. At temperatures below 180 K, the CDW state brings an insulating electronic structure, due to the presence of a fully commensurate CDW with the long-ranged 13  13 superlattice 20 . Figure 1 (a) shows the atomic structure of 1T-TaS2 in its ground-state C phase with the SD pattern, which is energetically favored over the T phase (by 73 meV/atom). A band gap of 0.45 eV in CDW state of TaS2 is induced by periodical in-plane lattice distortion, consistent with previous experimental and theoretical studies.
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We focus on the dynamics of CDW phase under different thermal and laser conditions. To demonstrate the behavior of bulk 1T-TaS2 under different temperatures, root mean square displacement (RMSD) of all atoms is utilized to quantitatively analyze lattice structural changes.
Figure 1(b) shows the evolution of RMSD under different ionic temperatures in Born-Oppenheimer molecular dynamics (BOMD). The equilibrium value of RMSD increases as the ionic temperature rises. We find that the critical point to melt CDW state is located at ~400 K, when the RMSD reaches 0.2 Å. At this point, the ionic SDs start to disappear and the lattice restores its undistorted 1T geometry where the spatial modulation becomes much weaker.
[Snapshots of atomic structures are presented in Figure 1 (c) and more details can be found in the 
where Natom is the number of the atoms in the simulation. We estimated the fluence of applied laser based on the calculated excitation energy. For η = 0.64% with the calculated Eex= 40.5 meV/atom, the laser intensity is estimated to be 0.25 mJ/cm 2 (assuming about 10% of the laser energy is absorbed). We find that optical excitations bring about an increase (yellow contour) in charge density near the center of the SD and a clear depletion (light blue contour) around the edge of the stars. We notice some experimental works reporting on photoexcitation induced "hidden" robust evidences of optically-driven nonthermal phase transition in 1T-TaS2. 47 However, the problem solved there is different from the one we discussed: we reveal the initial electronic and atomic dynamics of 1T-TaS2 at the first several hundred femtoseconds, which is also the focus in many recent experimental publications [20] [21] [22] [23] [24] [25] . Photoinduced atomic dynamics studied here only lasts < 1 ps, too short to generate any ordered domain. The same short-time dynamics was also observed at the first few picoseconds in photoinduced domain-like states 13 . Therefore, our result is an important support and supplement to fully understand photoinduced processes observed in these experiments. In order to find out whether the dynamics is provoked by hot electrons or by excited electrons in nonequilibrium distribution 20 , we also performed TDDFT calculations with different initial electronic temperatures from 3000 K to 5000 K with an initial ionic temperature of 10 K.
Photoinduced
For all electronic temperatures, the ionic temperatures increase at the first 100 fs and RMSDs follow the similar trend, where no periodical oscillations are observed (see SI). More importantly, there is no collapse of electronic band gap. When the excitation energy from physical photoexcitations discussed above and that from the hot electron model are compared (Table 1) , it is clear that hot electron model requires a higher energy, while leading to no melting of CDW nor the bandgap closing. This confirms that hot electron model with a well-defined electronic temperature overestimates photoexcitation energies, and electron-electron scattering is vital in the photodynamics of 1T-TaS2. Notably, it is not clear whether Fermi surface nesting plays a significant role for the formation of CDW.
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The direct structural and electronic dynamic data obtained from first-principles calculations enable us to elucidate the photoinduced dynamics after optical excitations of 1T-TaS2 at the atomistic spatial scale and femtosecond timescale. We deduce that excited electrons, which do not reach an equilibrium state with a well-defined electronic temperature, play a crucial role in the dynamics of CDW state. Strong photoexcitation creates a high density of electron-hole pairs and the charge order collapses in less than 50 fs before the lattice responds, due to electronelectron scattering. Then electron-phonon interactions raise the effective lattice temperatures from 10 K to 275 K in about 150 fs. Before this takes place, excited electrons strongly modulate the potential energy surface. Thus, it brings up cooperative atomic motions towards a new transient M state far from thermally induced T state and also provokes a novel oscillation mode with a periodicity of ~480 fs, attributed to the energy transfer from electronic subsystem to lattice.
In conclusion, ab initio TDDFT-MD simulations reveal the nature of photoexcitation induced phase dynamics in bulk 1T-TaS2. We discover a novel collective mode induced by photodoping, which is significantly different from thermally-induced phonon mode in 1T-TaS2. Our results provide compelling evidences that the ultrafast dynamics in CDW state of bulk 1T-TaS2 is a nonthermal process, where hot electron model is not sufficient to describe this novel phenomenon because of the lack of electron-electron scatterings. Our work yields new insights into laser-induced insulator-to-metal transition in the CDW state of 1T-TaS2, and the methods adopted here might be useful for understanding a wide range of laser-modulated quantum materials. Equation (1) and (2) 
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Preparation of electronic excited states. To mimic photoexcitation of different laser pulses,
we elaborately build the initial electronic states upon photoexcitation. Here, we change the population of Kohn-Sham orbitals from the ground state to specific electronic configurations.
The population variation is proportional to optical transition probability. Laser-induced changes in electron density ρ(t0) can be expressed as
The transition probability Pij from the initial state |ψi> to the final state |ψj> fulfills Fermi's golden rule, Born-Oppenheimer MD. The structure optimization and Born-Oppenheimer MD for the ground state were performed at the Γ point in a large supercell with 78 atoms (√13 ×√13×2 ).
After geometry optimization at 0 K, the bulk 1T-TaS2 is heated to different temperatures (100 to 500 K) for 1 ps to obtain the thermal dynamics. During dynamic simulations, the evolving timestep is set to 1 fs for both electrons and ions in a micro-canonical ensemble. 
